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Introduction
Numerical ice sheet model simulations are widely used as a means of predicting the response of Earth's continental ice sheets to future climatic change, and in turn their contribution to global sea level rise (DeConto and Golledge et al., 2015) . These models are typically evaluated with recourse to their ability to reproduce past ice sheet behaviour during periods of warmer climate and ice sheet volume loss, which is constrained by geological and oceanographic data. A model that can successfully reproduce past ice sheet behaviour and extent can then, in principle, be used to make robust projections of future ice sheet response over timescales greater than the next few decades.
The Antarctic Ice Sheet (AIS) is the largest (containing~58 m of sea level equivalent ) and most long-lived ice sheet on Earth. Although parts of the subglacial topography of Antarctica, such as the central highlands of East Antarctica, where the ice cover is frozen to the bed, have been little modified over the past 34 million years (Cox et al., 2010; Jamieson et al., 2010; Rose et al., 2013) , other areas have been extensively modified by tectonics, erosion and isostatic adjustment (Jamieson et al., 2010; Krohne et al., 2016; Paxman et al., 2017; Wilson et al., 2012) . Simulations of the past AIS have tended to rely on the modern bedrock topography, but in recent years it has become increasingly recognised that subglacial topography exerts a fundamental influence on the dynamics of the AIS (Austermann et al., 2015; Colleoni et al., 2018; Gasson et al., 2015; Wilson et al., 2013) . It is therefore necessary to reconstruct past bedrock topography for particular time slices in order to accurately simulate AIS dynamics during those times in the past (Wilson et al., 2012) . Using a more realistic subglacial topography has the potential to increase the robustness of ice sheet model results, and in turn engender greater confidence in projections of future ice sheet behaviour and sea level change.
Background and aims
The aim of this study is to produce new reconstructions of Antarctic topography since glacial inception at the Eocene-Oligocene boundary (ca. 34 Ma) . We aim to produce topographic reconstructions at the following time slices, which correspond to climatic transitions that are commonly the focus of ice sheet modelling studies: We build upon previous work by Wilson and Luyendyk (2009) and Wilson et al. (2012) by beginning with the modern bedrock topography of Antarctica ( Fig. 1) and reversing a series of geological processes that have acted to modify the topography since ca. 34 Ma. We incorporate a number of onshore and offshore datasets acquired or improved since these earlier reconstructions (see Section 3 and the supplementary material), and give consideration to the rate at which the landscape has evolved through time, rather than applying a simple linear interpolation between ca. 34 Ma and the present-day (Gasson et al., 2016) . For Fig. 1 . Present-day bedrock topography of Antarctica. Major topographic features referred to throughout the text are labelled. Italicised labels denote major floating ice shelves. Topography is given as elevation above mean sea level, and is contoured at 1 km intervals. The smooth area in Princess Elizabeth Land is indicative of a data-poor region. Black lines demarcate the modern grounding line and ice calving front. Red polygons highlight pre-glacial land surfaces exposed above the ice sheet or preserved beneath the ice. Yellow polygons highlight regions characterised by alpine topography with a clear fluvial signature (Baroni et al., 2005; Rose et al., 2013; Sugden et al., 2017) . Numbered orange stars mark the locations of palaeo-elevation/uplift markers (Section 5.1). Dashed black polygons mark subglacial trenches of inferred tectonic origin considered in our erosion model (Section 3.6.3); 1 = Lake Vostok; 2 = Adventure Subglacial Trench; 3 = Astrolabe Subglacial Trench. Dashed magenta outline marks the approximate onshore location of the West Antarctic Rift System (WARS) Jordan et al., 2010) . Abbreviations: BI = Berkner Island; EM = Ellsworth Mountains; LG = Lambert Graben; PM = Pensacola Mountains; SR = Shackleton Range; TM = Thiel Mountains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) each time slice, we produce a separate reconstruction of minimum and maximum topography, which provide end-member scenarios that encapsulate the cumulative uncertainties associated with each stage of the reconstruction process, and a median topography representing a 'middle-ground' between the two end-members (Section 3). We refrain from addressing the evolution of the oceanic realm (i.e. beyond the modern continental shelf edge), since this is the main focus of on-going work on the reconstruction of the palaeobathymetry of the Southern Ocean (Hochmuth et al., in prep.) .
Reconstruction methods
In this section we describe the steps involved in our topographic reconstruction in the order in which they were performed (as summarised in Fig. 2 ). Several steps require the calculation of the isostatic response of the Antarctic lithosphere to surface load redistribution, which is computed using an elastic plate model that accounts for spatial variability in flexural rigidity (Chen et al., 2018) (for detail see the supplementary material). We also incorporate estimates of uncertainty associated with each step so as to construct minimum and maximum topographies. The values of each parameter assumed in our minimum, median and maximum reconstructions are shown in Supplementary Table 1 . Each palaeotopography grid is produced at 5 km horizontal resolution and smoothed with a 10 km Gaussian filter to remove high frequency artefacts arising from the reconstruction process, without removing topographic features significantly larger than the grid resolution.
Fig. 2.
Flow diagram of the topographic reconstruction process. Symbology: blue rectangles = input grids; red rhombs = elastic plate model used to compute flexural responses to load redistribution; yellow rectangles = outputs of flexural models; green rectangles = evolving bedrock topography DEMs. Note that the iteration scheme for calculating subsidence due to water loading is illustrated for the thermal subsidence step, but is also applied in each instance the elastic plate model is used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Ice unloading
We determined the flexural response to the removal of the modern grounded ice sheet load ( Fig. 3 ) using our updated ice thickness grid. We assumed ice and mantle densities of 920 and 3330 kg m −3 respectively and used a flexural model described in the supplementary material. We assumed a uniform 58 m sea level rise due to ice sheet removal, and computed the additional flexural response to water loading. Adjusting the topography for the removal of the ice sheet load modifies the geometry of the water load. Changes to the water load were iteratively calculated five times, whereupon the magnitude of the load change drops below 2 m (Jamieson et al., 2014; Wilson et al., 2012) .
Volcanism
Cenozoic volcanoes have been documented in Victoria Land, Marie Byrd Land, and across the West Antarctic Rift System (WARS) (LeMasurier et al., 1990) . Dating of volcanic edifices and associated deposits indicates that the majority of surviving volcanoes date from after the mid-Miocene (ca. 14 Ma) (LeMasurier and Landis, 1996; Rocchi et al., 2006; Shen et al., 2017; Stump et al., 1980) . We therefore removed the volcanic edifices from our topographic reconstructions for ca. 34 Ma, ca. 23 Ma, and ca. 14 Ma, but retain all edifices in our ca. 3.5 Ma reconstruction. To remove the volcanoes from our topographies, we determined the approximate geometry of each edifice using a recent inventory of the distribution, height, and diameter of subglacial (Slater et al., 2018) . Elevations of grounded ice are shown relative to mean sea level, and contoured at 1 km intervals. (b) Ice thickness (the difference between ice surface (panel a) and bedrock ( Fig. 1 ) elevation). The thickness of grounded ice (i.e. excluding floating ice shelves) is shown, and contoured at 1 km intervals. (c) Flexural isostatic rebound due to the removal of the present-day grounded ice load, contoured at 200 m intervals. (d) Bedrock topography after isostatic rebound due to the removal of the present-day ice load. Bedrock elevations are relative to mean sea level and contoured at 1 km intervals. Yellow lines show boundaries between sectors/catchments of the continent used to determine the balance between onshore erosion and offshore sedimentation. Each catchment is numbered for reference to Table 1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) volcanic cones across West Antarctica (van Wyk de Vries et al., 2018) ( Fig. 4) , and then subtracted these cones from the topography. Since the wavelength of these features is typically shorter than the flexural length scale of the lithosphere (Watts, 2001) , we do not account for flexural isostatic compensation of the edifices. Because the timing of volcanism is relatively well dated, we apply the same correction to each of our minimum, median and maximum reconstructions. We also adjusted for the adjacent uplift of the Marie Byrd Land dome (Section 3.7).
Horizontal plate motion
Although the relative motion between East and West Antarctica since 34 Ma is relatively minor, it is fairly well constrained by magnetic anomaly offsets of~75 km in the Ross Sea (Cande et al., 2000; Davey et al., 2016) . We follow Wilson and Luyendyk (2009) and Wilson et al. (2012) by applying a simple finite rotation to West Antarctica relative to East Antarctica of 1.14°about a fixed Euler pole (71.5°S, 35.8°W) ( Supplementary Fig. 2 ). This horizontal plate motion largely occurred in the Oligocene (Cande et al., 2000) , so we apply the rotation to our ca. 34 Ma reconstruction, but not to subsequent time slices, since any post-23 Ma rotations were likely small by comparison (Granot and Dyment, 2018) . The rotation was applied to each of our minimum, median and maximum reconstructions.
Thermal subsidence
We restore the topography of West Antarctica for the effects of thermal subsidence in the WARS following previous studies (Wilson et al., 2012; Luyendyk, 2006, 2009) . The WARS is assumed to comprise five non-overlapping regions, each with a uniform stretching factor (β) and an instantaneous age of extension. These assumptions permit the use of a simple 1D cooling model to predict the amount of post-34 Ma thermal subsidence across the WARS ( Fig. 4 ) (McKenzie, 1978; Wilson and Luyendyk, 2009 ). We then iteratively computed the flexural isostatic response to the flooding of the subsided area with water using our elastic plate model (see Section 3.1).
We also account for thermal subsidence of the East Antarctic passive margin due to residual cooling following Gondwana break-up. The breakup age of each sector of the Antarctic margin is well constrained from the age of the sea floor (Müller et al., 2016) , although the initial timing of continental rifting is more difficult to assess. For simplicity, we assumed a uniform β value of 4 (a typical value for passive margins (Watts, 2001) ) across the widths of the continent-ocean transitions around Antarctica (Gohl, 2008) . Using the 1D cooling model (McKenzie, 1978) , we calculated the amount of thermal subsidence to have occurred between 34 Ma and the present-day for each sector and then added this to the topography ( Supplementary Fig. 3 ). The thermal subsidence grid was smoothed using an arbitrary 50 km Gaussian filter to approximate horizontal heat conduction. We applied a ± 10% uncertainty to our thermal subsidence models for the minimum and maximum reconstructions to encapsulate the range of realistic β values and rifting ages.
Application of the 1D cooling model also permits calculation of the temporal history of subsidence. The cumulative amount of thermal subsidence (as a fraction of the total subsidence) at any location is an exponential function of time and is independent of the stretching factor ( Fig. 4 ). We therefore added the cumulative amount of subsidence from 34 Ma up to each time interval to the respective topographic reconstruction.
Extension within the WARS was a possible cause of rift-flank uplift of the Transantarctic Mountains (TAM) (ten Brink and Stern, 1992) . While TAM uplift was originally believed to have occurred episodically throughout the Cretaceous and early Cenozoic (Fitzgerald and Stump, 1997) , some recent thermochronological studies have suggested that (Wilson et al., 2012; Wilson and Luyendyk, 2009 ) and domal uplift of Marie Byrd Land Wilson et al., 2012) . Filled red circles denote volcanic edifices across West Antarctica; circle size is proportional (4× true scale) to the basal diameter of the cone (van Wyk de Vries et al., 2018) . Open black circle marks the location of Deep Sea Drilling Project (DSDP) Site 270 (Ford and Barrett, 1975) . (b) Thermal subsidence history since 34 Ma based on a simple 1D cooling model (McKenzie, 1978) . Cumulative subsidence is measured as a fraction of the total post-34 Ma subsidence; the magnitude of subsidence is spatially variable (see panel a). A simplified geological timescale is provided for reference. Abbreviations: E = Eocene; PL = Pliocene; PE = Pleistocene; H = Holocene; Q = Quaternary. The cumulative amount of subsidence from 34 Ma to each subsequent time slice used in this study (marked by vertical dashed lines) is noted as a percentage of the total subsidence. Also labelled are the approximate durations of Marie Byrd Land dome uplift and the main episode of Miocene-Pliocene volcanism. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) the TAM may have experienced rapid uplift and denudation immediately after glacial inception at ca. 34 Ma, resulting in the removal of the so-called 'Mesozoic Victoria Basin' (Lisker et al., 2014; Lisker and Läufer, 2013) . Although this scenario remains subject to debate, it has implications for the regional palaeotopography at the Eocene-Oligocene boundary. However, the roles of thermal, erosional, tectonic and mantle-driven processes in driving TAM uplift remain poorly understood (Brenn et al., 2017; Paxman et al., 2019; Stern et al., 2005) . We therefore make a simple adjustment to our minimum ca. 34 Ma palaeotopography by halving the elevation of the TAM following the adjustments for erosion and the associated flexural uplift (Section 3.6). This resulted in TAM palaeo-elevations comparable to those of the hinterland, in keeping with the end-member scenario of the possible presence of a pre-glacial sedimentary basin.
Offshore sedimentation
Sediment thicknesses on the continental shelf and in the deep sea Magenta lines show boundaries between numbered sectors/catchments of the continent used to determine the balance between onshore erosion and offshore sedimentation. Each catchment is numbered for reference to Table 1. (b) Modelled flexural isostatic response to erosional unloading, contoured at 250 m intervals. Unloading of eroded material has driven isostatic uplift since 34 Ma; this component is subtracted from the modern-day topography to reconstruct past topographies. Coloured circle marks the magnitude of uplift of the Fisher Massif (FM;~1500 m since 34 Ma) as constrained by geological data (Hambrey and McKelvey, 2000; White, 2013) . (c) Post-34 Ma sediment thickness map for the Southern Ocean south of 60°S (Hochmuth et al., 2018) . Sediment thicknesses are contoured at 1 km intervals. (d) Modelled flexural isostatic response to sediment loading, contoured at 500 m intervals. Loading of sediment has driven isostatic subsidence since 34 Ma; this component is added to the modern-day topography to reconstruct past topographies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
were derived from a recent compilation of reflection seismic data (Hochmuth et al., 2018; Straume et al., 2019) (Fig. 5 ; for details see the supplementary material). The thickness (and mass) of offshore sediment can be used to (a) reconstruct the palaeobathymetry of the continental shelf and rise, and (b) constrain the mass of onshore erosion (Section 3.6). To produce each of our reconstructions, we removed all stratigraphic units younger than the time slice of interest, and subtracted or added the associated sediment thickness uncertainty (Supplementary Fig. 5 ) in our minimum and maximum topographies respectively.
Compaction model
We computed the flexural isostatic response to sediment loading using our elastic plate model. The density of shelf sediments varies with depth owing to mechanical compaction and reduction of porosity due to the overburden pressure. We used a simple compaction model to estimate the variation of sediment density with depth, whereby the decrease in sediment porosity (Φ) with increasing depth in the column (z) is given by an empirical exponential function (Sclater and Christie, 1980 
where Φ 0 is the initial porosity and λ is the compaction decay length scale. We then determined the depth-averaged effective density ( eff ) of sediment around the Antarctic margin by removing the contribution from pore water, which is not restored to the continent.
where ρ s is the density of the sediment grains, and z max is the total thickness of sediment being considered. For our median scenario, we assumed a grain density of 2600 kg m −3 for sediment on the continental shelf, and 2400 kg m −3 for deep-sea sediments (Sclater and Christie, 1980) . We used values of 0.7 for the initial porosity and 1.0 km for the compaction decay length scale, based on empirical porosity-depth curves for Antarctic shelf sediments (Barker and Kennett, 1988; Escutia et al., 2011) . We then used a realistic range of values for these parameters in our minimum and maximum reconstructions ( Supplementary  Table 1 ).
Terrigenous fraction
We estimated the fraction of offshore sediment that was derived from the continent as opposed to biogenic or pelagic material. We compared smear slide analysis from IODP/ODP/DSDP drill cores around the Antarctic margin representing the main sedimentary environments within the Southern Ocean (Barker and Kennett, 1988; Barker, 1999; Escutia et al., 2011) . These data indicated that on the continental shelf,~5% of material was biogenic, and the remaining 95% was terrigenous in origin. In the deep ocean realm,~70% of material from the Miocene to present is terrigenous, but this fraction increases to~95% in the Oligocene. Although the spatial coverage of drill cores is sparse, and some localised variability is observed, this general trend is consistently observed. We therefore used the above average values, with ± 5% uncertainty bounds to encapsulate the majority of the spatial variability, around the entire margin. This is a more detailed terrigenous fraction model than that used in the earlier reconstructions by Wilson et al. (2012) .
Catchment boundaries
When restoring sedimentary material to the continent and comparing the mass balance between erosion and sedimentation, it is important to consider the provenance of the offshore sediments. We therefore investigated whether offshore sediment around the Antarctic margin could be spatially sub-divided based on the geographic origin of the sediment. We sub-divided the sediment into ten sectors/catchments based on (a) boundaries mapped using geochemical provenance tracers such as 40 Ar/ 39 Ar ages and Nd isotopic compositions (e.g. Cook et al., 2013) ; (b) bathymetric 'highs' that form natural boundaries between separate basins on the continental shelf, such as Gunnerus Ridge and Astrid Ridge ( Fig. 1) (Eagles et al., 2018) ; and (c) structural/basement highs observed in seismic data that may reflect geological boundaries, such as the Ross Sea Central High (Decesari et al., 2007) .
We traced our assumed catchment boundaries over these previously documented features, and continued the boundaries inland based on observed ice surface velocity (Rignot et al., 2011) and bedrock drainage divides (Jamieson et al., 2014) (Figs. 2, 5) . Our approach was to subdivide only if the boundary clearly met one of the above three criteria. The area of the sub-divided catchments therefore varies by up to one order of magnitude. We computed the minimum, median and maximum mass of post-34 Ma sediment for each catchment for comparison with our erosion estimate (Section 3.6).
Erosion restoration

Identification of pre-glacial landscapes
The morphology of the Antarctic landscape is a record of the surface processes that have acted upon it over geological timescales. To estimate the spatial distribution of glacial erosion across the continent, we identified landscapes or 'reference' relict surfaces that have been largely unmodified by large-scale glaciation, and have therefore experienced negligible erosion since ca. 34 Ma (Fig. 1 ). Such landscapes include undulating plateau surfaces exposed in highlands (Näslund, 2001; White, 2013) and observed beneath the ice around the Weddell Sea Embayment and within the Wilkes Subglacial Basin Rose et al., 2015) , and alpine landscapes in the Gamburtsev Subglacial Mountains (GSM) (Paxman et al., 2016; Rose et al., 2013) , Dronning Maud Land (DML) (Näslund, 2001) , and the TAM (Sugden et al., 1999) . In these regions, we assumed that the preserved mountain peaks have not experienced significant denudation or modification since ca. 34 Ma. Moreover, relatively unmodified fluvial valley systems are preserved in the northern TAM (Baroni et al., 2005; Sugden et al., 1995) and Ellsworth Mountains (Sugden et al., 2017) , and the largescale continental fluvial structure is still visible in the landscape today (Jamieson et al., 2014; Sugden and Jamieson, 2018) .
Summit accordance
We consider glacial erosion to comprise two components: (1) selective linear erosion (valley/trough incision), and (2) uniform surface lowering via areal scour (Molnar and England, 1990; Sugden and John, 1976) .
To estimate the spatial distribution of glacial valley incision, we assumed that pre-glacial landscape features identified across Antarctica once formed part of a contiguous surface prior to glacial incision. Since these pre-glacial land surfaces are sparsely distributed, we also identified local topographic 'highs' within a circular moving window (Champagnac et al., 2007) . The diameter of the moving window was set to 30 km to capture the width of large subglacial troughs. We then interpolated a smooth continuous surface between all surfaces/summits, which are assumed to have not experienced significant erosion since AIS inception at 34 Ma. The resulting summit accordance surface ( Supplementary Fig. 6 ) represents the restoration of eroded material to the topography without accounting for the associated isostatic response (Champagnac et al., 2007) . The difference between the summit accordance surface and the bedrock topography represents our estimate of selective glacial incision (sometimes referred to as the 'geophysical relief' (Champagnac et al., 2007) ).
In parts of Antarctica such as the GSM and TAM, a pre-existing fluvial landscape has been modified by alpine-style glaciation, and is now preserved beneath non-erosive ice (Sugden and Jamieson, 2018) . By completely filling the valleys in these regions, we would likely overestimate the amount of post-34 Ma erosion, and therefore produce an unrealistically smooth palaeolandscape. Mapping of glacial overdeepenings within the GSM indicates that glacial erosion accounts for--to first order--approximately 50% of the total volume of valley incision (Rose et al., 2013) . We therefore decreased the predicted thickness of valley incision in these alpine landscapes by 50% in our erosion model. The result is a pre-glacial landscape that preserves the inherited fluvial valley network that was subsequently exploited by early ice sheets (Sugden and Jamieson, 2018; Sugden and John, 1976) . We also adjusted the summit accordance surface and erosion estimate for deep subglacial trenches whose relief may, in part, be explained by tectonic subsidence as well as (or as opposed to) glacial erosion (see the supplementary material).
Accounting for valley incision alone will produce a minimum estimate of erosion, since it assumes that the peaks between the valleys have not been eroded. However, uniform surface lowering of the peaks since ca. 34 Ma is largely unconstrained by geomorphology. As a simple solution, we tuned the magnitude of uniform surface lowering to achieve as close a match as possible between the mass of eroded material and offshore sediment within each catchment for our minimum, median and maximum scenarios, while avoiding abrupt 'steps' in eroded thickness across catchment boundaries ( Fig. 5 ; Supplementary  Fig. 7 ; Table 1 ; Supplementary Table 2 ).
Eroded bedrock density and flexure
The subglacial geology of Antarctica, and therefore the density of the eroded bedrock, is almost entirely unconstrained. However, East Antarctica can be broadly considered to comprise a suite of rocks from higher-density Proterozoic and Archean metamorphic and magmatic basement (Boger, 2011; Ferraccioli et al., 2011; Goodge et al., 2017) to lower-density Palaeozoic sandstones (Barrett, 1991; Elliot et al., 2015) . We therefore assumed a range of densities in East Antarctica from 2400 to 2800 kg m −3 for our minimum and maximum reconstructions, and 2600 kg m −3 as a realistic average. In West Antarctica, we assumed a range of 2200 to 2600 kg m −3 to reflect the higher proportion of Mesozoic or younger sedimentary rocks (Studinger et al., 2001) , with 2400 kg m −3 as a realistic average. We then computed the flexural isostatic adjustment to erosional unloading using our elastic plate model. To correct the topography for the effects of erosion, we added the estimated post-34 Ma eroded thickness to the topography, and subtracted the associated flexural response.
Rates of erosion and sedimentation
To reconstruct topography at intermediate time slices, it was necessary to quantify the variation in erosion and sedimentation rates over time. We collated constraints on sedimentation rates from seismic reflection profiles and ocean sediment drill cores (Barker and Kennett, 1988; Escutia et al., 2011) , assuming that sediment thickness depends on sedimentation rate alone, which in turn is a proxy for onshore erosion rates. We used these offshore sediment data together with onshore erosion rate constraints to estimate an erosion and sedimentation history for each of the ten catchments (Table 1) , which we then used to restore the appropriate amount of eroded material/sediment between each time slice. In our reconstructions, we made the assumption that the catchment boundaries have remained constant over time, since the first-order topographic controls on Antarctic drainage patterns (e.g. the GSM and TAM) predate ice sheet inception (Rose et al., 2013) , and the overall subglacial drainage pattern is continentally radial, and therefore drainage re-organisation is not expected to have occurred on a large scale (Sugden and Jamieson, 2018) . We also assume that the offshore sediment boundaries have remained fixed over time, and that lateral transport of sediment by circumpolar currents is unlikely to have occurred in large volumes.
Dynamic topography
Long wavelength changes in bedrock elevation in Antarctica may, in part, be driven by vertical tractions exerted on the base of the lithosphere by the convecting mantle (i.e. dynamic topography). Changes in dynamic topography since the Eocene have been inferred in parts of Antarctica such as the Ross Sea, Wilkes Subglacial Basin and Marie Byrd Land (Austermann et al., 2015; LeMasurier and Landis, 1996) . Since models of past mantle convection patterns are currently poorly constrained in space and time, we do not attempt to incorporate these changes here, with the exception of the post-34 Ma dynamic uplift of the Marie Byrd Land dome (Fig. 4) .
We followed Wilson et al. (2012) by subtracting an elliptical Gaussian dome of 1000 km × 500 km diameter (Fig. 4) with a maximum amplitude of 1 km (LeMasurier and Landis, 1996) from our median ca. 34 Ma palaeotopography. We then corrected the more recent palaeotopographies assuming that uplift commenced at ca. 20 Ma and proceeded linearly to the present-day (Fig. 4) , as indicated by recent thermochronology data . However, only four fission track ages were acquired from Marie Byrd Land, resulting in a large uncertainty in the ca. 20 Ma estimate . We allow for this uncertainty by changing the maximum amplitude of domal uplift to 2000 m and the beginning of uplift to ca. 30 Ma in our minimum reconstruction ( Fig. 4) (LeMasurier and Landis, 1996; Rocchi et al., 2006) , and foregoing this adjustment altogether in our maximum reconstruction.
We note that future robust models of post-34 Ma dynamic topography change across Antarctica can readily incorporated into our palaeotopographic reconstructions.
Results
The results of our reconstruction process are new topographies at four time slices between the Eocene-Oligocene boundary and mid-Pliocene warm period (Fig. 6 ). We find that the average bed elevation of Antarctica has decreased by~200 m between ca. 34 Ma and the present-day (Table 2) , and the interquartile range of bed elevations (a rough measure of topographic relief) has increased by~200 m (Table 2) . These changes are attributed largely to thermal subsidence, focussed erosion in deep subglacial troughs, and concomitant flexural uplift of the flanking regions. The increase in topographic relief is visible in the new palaeo-DEMs (Fig. 6) , with an increasing fraction of the bed dropping below sea level ( Supplementary Fig. 8 ). The area of land above sea level at ca. 34 Ma is 12.2 × 10 6 km 2 , with~6% of the bed situated below sea level, as opposed to 9.83 × 10 6 km 2 and~19% respectively at the present-day (Table 2) . These figures refer to the median topographies in each case; the minimum and maximum topographies are shown in Supplementary Figs. 9 and 10 .
The most significant changes in elevation in East Antarctica occur within the Wilkes, Aurora, Recovery and Lambert basins, which were low-lying but predominately situated at 0-500 m above sea level prior to glacial inception (Fig. 6 ). Prior to thermal subsidence and erosion, a significant area of West Antarctica underlain by the WARS was also situated up to 500 m above sea level (Fig. 6 ). The Weddell Sea was a 500-1000 m deep embayment, the shallow extremities of which may have extended up to a few hundred km inland of the modern-day grounding line. The Ross Sea comprised a series of elongate horst and graben-like features, with topographic 'highs' such as the Central High situated at or just above sea level (Fig. 6 ). Our reconstruction retains the major highlands within East Antarctica, such as the GSM, TAM, and the escarpment in DML, with the GSM the highest feature at up to 2.5 km above sea level at ca. 34 Ma (Fig. 6 ). Because we only partially filled the valleys within the GSM, the pre-existing fluvial network can be seen in the ca. 34 Ma reconstruction. However, the through-cutting troughs that characterise the modern TAM have largely been filled in our reconstruction (Fig. 6 ). Our flexural models indicate that erosional G.J.G. Paxman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 535 (2019) 109346 Table 1 Comparison between the mass of post-34 Ma offshore sediment and estimated onshore/shelf erosion for each catchment around Antarctica. Eroded masses and thicknesses listed refer to our median erosion scenario.
Masses are given in Petatonnes (Pt; 10 18 kg). Asterisks (*) mark the two sectors where the observed mass of sediment significantly exceeds erosion estimates. The mass of sediment in the Weddell Sea is likely to be a minimum estimate, since the thickness of sediment beneath the Ronne-Filchner Ice Shelf is entirely unconstrained. The erosion/sedimentation chronology is also provided for each catchment. The amount of erosion/ sedimentation within the given time interval is given as a cumulative fraction of the total amount of change between 34 Ma and the present-day. Catchment averaged erosion rates are determined from the average eroded thickness and the fraction of erosion within each time interval. unloading has driven > 1 km of post-Eocene peak uplift in the southern TAM (Fig. 5) , although the depth of some through-cutting troughs may be underestimated in the modern topography and the true amount of post-34 Ma uplift may have been greater Stern et al., 2005) . In seven of the ten catchments, we were able to achieve a close match (within ± 10%) between the mass of eroded material and mass of offshore sediment (Table 1) using our median erosion scenario (Section 3.6.2). By filling the deep subglacial troughs around the Weddell Sea Embayment, we estimate a mass of erosion that exceeds the mass of offshore sediment by~20% (Table 1) . This mismatch indicates that we may be missing a small but significant volume of sediment beneath the Ronne-Filchner Ice Shelf. Alternatively, a fraction of the sediment may have remained in onshore depocentres rather than deposited offshore. More significant mismatches occur for the Bellingshausen Sea and Wilkes Land sectors, where the eroded mass is~50% less than the mass of offshore sediment (Table 1) . However, there does not appear to be sufficient accommodation space onshore to account for this excess sediment.
One explanation may be that the mass of offshore sediment has been G.J.G. Paxman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 535 (2019) 109346 overestimated due to the comparatively sparse coverage of seismic lines ( Supplementary Fig. 4) . Alternatively, since the geomorphology of Wilkes Land and the western Antarctic Peninsula does not provide a clear reference level of the palaeo-landscape (e.g. plateau surfaces), the summit accordance surface may be too low and the magnitude of erosion may have been underestimated. We speculate that these mismatches may also be attributed to redistribution of sedimentary material around the margin by contourite currents, a higher fraction of biogenic material, particularly near the Antarctic Peninsula (Barker, 1999) , or a contribution from other sources including Large Igneous Provinces such as the Kerguelen Plateau. We note also that in Princess Elizabeth Land the modern-day bedrock topography is poorly constrained due to the lack of airborne radar observations included in Bedmap2 in this region and the landscape is artificially flat as it was derived from inversion of long wavelength satellite gravity data (Fig. 1) . Deeper subglacial topographic features in Princess Elizabeth Land have recently been identified , indicating that erosion is likely underestimated in this region.
Constraints on long-term changes in erosion and sedimentation rates from seismic sediment thickness, drill core, thermochronology and stratigraphic data (Table 1) show a broadly consistent temporal pattern around the East Antarctic margin. These records indicate that 65-75% of the erosion and sedimentation between DML and the western Ross Sea occurred prior to the mid-Miocene climate transition (ca. 14 Ma). By contrast, these proxies indicate that in West Antarctica (between the Weddell Sea and eastern Ross Sea), sedimentation rates were initially lower in the Oligocene and early Miocene, before accelerating after ca. 14 Ma (Lindeque et al., 2016) (Table 1) . While spatial coverage of these records is patchy, and some local variability is observed, these broad patterns are consistently observed. Our reconstructions also confirm that the continental shelves have predominately grown outwards since ca. 34 Ma due to offshore sedimentation (Fig. 7) .
During the Oligocene, topographic change was largely dominated by subsidence in the West Antarctica and erosion around the East Antarctic margin (Fig. 7) . By the mid-Miocene (ca. 14 Ma), East Antarctica's topography was beginning to more closely resemble that of the present-day. Overdeepenings had developed within the Wilkes and Aurora Subglacial Basins, and the Lambert Graben was > 1 km below sea level. Most of the WARS had subsided below sea level, other than a few isolated islands and the rising Marie Byrd Land dome (Fig. 6 ). Prior to ca. 14 Ma, catchment-averaged erosion rates were comparable in East and West Antarctica (Table 1) . After ca. 14 Ma, average erosion rates accelerated to > 20 m/Myr in West Antarctica and around the Weddell Sea Embayment (Table 1) , leading to the formation of deep subglacial troughs (Fig. 7) . By contrast, erosion rates after ca. 14 Ma dropped by approximately 50% to~10 m/Myr in East Antarctica, with landscapes such as the GSM remaining almost unmodified since ca. 14 Ma. Due to the relatively short interval of time, changes in elevation between 3.5 Ma and the present-day are relatively minor (Fig. 7) .
One important caveat to note regarding the chronology of landscape change is that the rate of erosion through time is often inferred from the rate of offshore sedimentation. This is based on the assumption that long-term offshore sedimentation rates are a proxy for onshore erosion rates. However, the offshore depositional record may have been modified by hiatuses in sedimentation or erosional unconformities, which will violate this assumption. Moreover, it is likely that early glacial material was deposited on the continental shelf proximal to the coast, and subsequently transported and redeposited in deeper water by prograding wedges . As a result, the apparent 'depositional age' of the sediment may be significantly younger in places than the true age of erosion, which would lead to an unintentional bias towards more landscape change having occurred more recently than in actuality. While our model cannot constrain such an erosion pattern, we note the possibility that a greater proportion of the G.J.G. Paxman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 535 (2019) 109346 total amount of erosion may have occurred during the early stages of glaciation than is assumed in our reconstructions.
Discussion
Independent constraints on post-Eocene landscape evolution
Coring at DSDP Site 270 in the Ross Sea (Fig. 4) recovered a mature pre-Late Oligocene palaeosol several metres deep developed on a sedimentary breccia above basement gneiss at~1000 m below sea level (Ford and Barrett, 1975) . Our median reconstruction places this site at 80 m above sea level at the Eocene-Oligocene boundary (Fig. 6) . The palaeosol is overlain by quartz sand and glauconitic greensand, which are dated at ca. 26 ± 1.5 Ma and interpreted as having been deposited in a near-shore or shallow marine environment (Barrett, 1975; De Santis et al., 1999; Kulhanek et al., 2019; Leckie and Webb, 1983) . These sands are in turn overlain by an extensive sequence of glaciomarine sediments, indicative of a marine transgression and glacial expansion (Kulhanek et al., 2019) . Our median reconstruction indicates that this site subsided below sea level at ca. 28 Ma, which is in good agreement with the observed stratigraphy. In our minimum reconstruction ( Supplementary Fig. 9 ), the site is already below sea level at ca. 34 Ma, whereas in our maximum reconstruction ( Supplementary  Fig. 10) , the site does not subside below sea level until ca. 21 Ma. This highlights the conservative nature of our minimum and maximum reconstructions.
On the Fisher Massif in the Prince Charles Mountains (Fig. 5) , post-Eocene fjordal sediments of the Pagodroma Group deposited close to sea level are exposed at up to 1.5 km above present-day sea level (Hambrey and McKelvey, 2000; White, 2013; Whitehead et al., 2003) . Moreover, the age of Pagodroma Group deposits increases systematically with increasing elevation. Our erosion and flexure models suggest that up to 3 km of glacial excavation within the Lambert Graben has driven up to 1.4 km of flexural uplift along the graben flanks, which is within 100 m of the elevation of the oldest Pagodroma Group sediments. Combined with thermochronology data (Thomson et al., 2013; Tochilin et al., 2012) , the observed apparent 'inverted stratigraphy' of the Pagodroma Group indicates a period of enhanced denudation in Oligocene and early Miocene times, and that flexural uplift has occurred throughout the Cenozoic and contemporaneous with fjordal sedimentation. We also note that matching this observational constraint is only possible if a relatively low (compared to other parts of East Antarctica) effective elastic thickness of 20 km is assumed for the East Antarctic Rift System (Ferraccioli et al., 2011) .
Shallow marine sediments are also observed onshore at Marine Plain in the Vestfold Hills of East Antarctica (Fig. 1; Table 3 ). Sediments of the Pliocene Sørsdal Formation (ca. 4.5-4.0 Ma) were deposited in shallow/intertidal waters and are now situated 15-25 m above sea level (Pickard et al., 1988; Quilty et al., 2000) . This site was situated within 10 m of sea level at 4 Ma in each of our reconstruction scenarios, and experienced~20 m of uplift between 4 Ma and the present-day, which is in good agreement with the geological observations.
In the TAM, deep subglacial troughs are presently situated beneath large outlet glaciers such as Beardmore, Nimrod, Shackleton and Byrd. Palaeo-drainage and geomorphological evidence indicates that these deep troughs exploited pre-existing river valleys that were cut close to sea level (Huerta, 2007; Webb, 1994) . In our ca. 34 Ma reconstruction, these valley systems were all situated between 0 and 500 m above sea level. Consequently, there were fewer drainage pathways that cut through the TAM, suggesting that more pre-glacial river systems may have drained into the Wilkes Subglacial Basin and towards George V Land than would be the case on the modern topography (Supplementary Fig. 11 ). The early East Antarctic Ice Sheet (EAIS) may have been unable to flow from the interior of East Antarctica through the TAM until sufficient overdeepening of through-cutting troughs allowed the EAIS to breach the TAM and drain into the Ross Sea. Further regionalscale geomorphological and thermochronological analysis may yield insights into the extent to which major valleys existed across the TAM prior to ca. 34 Ma. The present-day elevation of a subaerially erupted lava flow in the Royal Society Range in the TAM (Fig. 1) indicates that there has been < 67 m of uplift at this site since 7.8 Ma (Sugden et al., 1999) . Assuming a linear rate of erosion and uplift between the mid-Miocene and mid-Pliocene, our model predicts~70 ± 20 m of uplift at this site since 7.8 Ma. Cinder-cone deposits in the Dry Valleys are also indicative of minimal surface uplift since the Pliocene (Wilch et al., 1993) . Moreover, geomorphological evidence such as preserved ashfall deposits and rectilinear slopes add qualitative support to the scenario in which this part of the TAM has experienced minimal erosion and uplift since ca. 14 Ma (Marchant et al., 1993; Sugden et al., 1995) .
Mountains on the margin of the Weddell Sea Embayment, such as the Shackleton Range and Ellsworth Mountains, have experienced up to 1 km of uplift since ca. 34 Ma due to flexure in response to erosional unloading within adjacent glacial troughs. The modelled pattern of uplift is supported by subaerial geomorphology, thermochronology, and cosmogenic nuclide dating evidence in the Shackleton Range (Krohne et al., 2016; Paxman et al., 2017; Sugden et al., 2014) . In addition, thermochronological data from the Ellsworth Mountains Table 3 Geological data used to constrain the landscape evolution of Antarctica. Each constraint is numbered according to its location (displayed in Fig. 1 ). Palaeosol overlain by early Oligocene quartz sands and glauconitic sands (Barrett, 1975; De Santis et al., 1999; Leckie and Webb, 1983) .
Area was terrestrial at ca. 34 Ma and subsided beneath sea level at ca. 26 ± 1.5 Ma.
Eocene-Oligocene boundary;
Oligocene-Miocene boundary
Royal Society Range and Dry Valleys, Transantarctic Mountains
Subaerial lava flow, in situ volcanic ash deposits and rectilinear slopes (Marchant et al., 1993; Sugden et al., 1999; Wilch et al., 1993) < 67 m of surface uplift since 7.79 Ma; Relatively minimal erosion and uplift since ca. 14 Ma
Mid-Miocene; mid-Pliocene
Central Transantarctic Mountains
Inherited fluvial valleys systems and palaeo-drainage network (Huerta, 2007; Webb, 1994) Valleys were situated above sea level and possibly cut close to base level Eocene-Oligocene boundary
Ellsworth Mountains
Apatite fission track data from Mt. Vinson Stump, 1991, 1992) > Pagodroma Group fjordal sediments deposited close to sea level currently situated up to 1.5 km above sea level (Hambrey et al., 2007; Hambrey and McKelvey, 2000; White, 2013) Up to 1. Pliocene Sørsdal Formation comprising glaciomarine sediments deposited in shallow/intertidal waters now exposed 15-25 m above sea level (Pickard et al., 1988; Quilty et al., 2000) Site was at or just below sea level at ca. 4.5-4 Ma, and was subsequently uplifted to its present-day elevation.
Mid-Pliocene
Wilkes Subglacial Basin
Subglacial geomorphology and offshore palynological records Sangiorgi et al., 2018) Area was at or just above sea level, characterised by low-lying vegetated coastal plains
Eocene-Oligocene boundary;
Oligocene-Miocene boundary G.J.G. Paxman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 535 (2019) 109346 indicate that at least 1.8 km of relief was present prior to the glaciation (Fitzgerald and Stump, 1992) ; Mt. Vinson stands~2 km above the floor of the Rutford trough in our ca. 34 Ma reconstruction. Our erosion estimate shows relatively little incision across large areas within the interior of East Antarctica such as DML and the GSM (Fig. 5) , supporting the findings of earlier ice sheet-erosion modelling studies (Jamieson et al., 2010) . Geomorphological mapping of DML and the GSM reveals alpine glacial landscapes, which likely formed during the early stages of continental glaciation and have remained relatively unmodified for millions of years (Chang et al., 2015; Creyts et al., 2014; Rose et al., 2013) . In these regions, our erosion estimates are indicative of long-term catchment-averaged erosion rates on the order of 10-20 m/Myr since at least 34 Ma, which are in good agreement with thermochronology data from detrital sediments in Prydz Bay (Fig. 1 ) (Cox et al., 2010; Tochilin et al., 2012; van de Flierdt et al., 2008) .
An ice core from Berkner Island, an ice rise within the Ronne-Filchner Ice Shelf grounded on a shallow seabed plateau in the Weddell Sea, revealed that the ice is underlain by well-sorted, quartz-rich sands, which are interpreted as aeolian in origin but of unknown age (Mulvaney et al., 2007) . The implication is that Berkner Island was situated above sea level when these sands were deposited. In our median reconstruction, the ice core location (Fig. 1) was situated 100-200 m above sea level (under ice-free conditions) since ca. 34 Ma. These aeolian sands may therefore have been transported at any time during an interval in which the core site was free of ice; without an age constraint for the sands, the topographic evolution of Berkner Island remains unclear.
Comparison with previous palaeotopography reconstructions
In our median Eocene-Oligocene boundary topography, much of West Antarctica is up to 500 m lower than the average topography of Wilson et al. (2012) (Supplementary Fig. 12 ). This is largely because we required a lower average thickness of eroded material to match constraints from updated offshore sediment records. We therefore do not produce such a substantial upland feature in West Antarctica. The total Antarctic land area above sea level in our median ca. 34 Ma reconstruction (12.2 × 10 6 km 2 ) is closer to the area in the minimum topography of Wilson et al. (2012) (12.7 × 10 6 km 2 ) than in their maximum topography (13.5 × 10 6 km 2 ). In East Antarctica, we find that differences in elevation are more subtle and shorter in wavelength ( Supplementary Fig. 12 ). These differences likely reflect the improved modern bedrock DEM and offshore sediment thickness maps, both of which yield improved resolution in the reconstructed topographies.
Topographies for ca. 23 Ma and ca. 14 Ma were previously produced using a simple linear interpolation between the Wilson et al. (2012) topography and the present-day (Gasson et al., 2016) . However, our model accounts for more complex temporal and spatial variability in erosion, sedimentation, thermal subsidence and isostasy. There are therefore differences between our ca. 23 Ma and ca. 14 Ma topographies and those of Gasson et al. (2016) . Because thermal subsidence rates decay exponentially with time in our models as opposed to linearly as assumed by Gasson et al. (2016) , West Antarctica is on average~300 m lower at ca. 23 Ma in our scenario than in that of Gasson et al. (2016) ( Supplementary Fig. 12 ). East Antarctic subglacial basins such as Wilkes and Aurora are~200 m lower at ca. 23 Ma in our model than in that of Gasson et al. (2016) (Supplementary Fig. 12 ). By ca. 14 Ma, the differences are more subtle, with the largest differences located around the Weddell Sea, which may in part reflect the increased coverage of modern bedrock elevation data in this vicinity ( Supplementary Fig. 1) .
In a companion paper in this issue, Pollard and DeConto (2019) use a complementary model-based approach, explicitly integrating erosion and sedimentation processes forward in time. This approach produces maps of simulated past bedrock topography and 3D fields of modern sediment layers that can be compared directly with our results, providing insights into the strengths and uncertainties of both studies. Preliminary comparisons between the two studies are provided in the Supplementary Material of Pollard and DeConto (2019) .
Implications for Antarctic glacial history
The evolution of Antarctica's subglacial topography raises a number of implications for the past behaviour of the AIS. The ca. 34 Ma topography has significantly less area below sea level and much shallower marine basins than the modern topography (Table 2 ; Supplementary  Fig. 8 ). This implies that the early Antarctic ice sheets would have been less sensitive to climate and ocean forcing and less vulnerable to rapid and irreversible changes associated with marine ice sheet instability, since areas of reverse-sloping marine bed were less extensive and less steep (Fig. 6) .
Our findings also have implications for the erosive history of the AIS. The incision of deep troughs transverse to the continental margin in East Antarctica during the Oligocene and early Miocene (Fig. 7) is indicative of a dynamic and erosive EAIS during this interval. After ca. 14 Ma, erosion/sedimentation rates appear to have decelerated markedly ( Fig. 7) , as is also implied by detrital thermochronology data from Prydz Bay (Tochilin et al., 2012) . This change may have been climatically controlled, but may also reflect coastal subglacial troughs reaching a critical depth threshold, whereby the ice sheet was no longer able to avoid flotation, and the rate of erosion decreased. Such a scenario has been hypothesised for the Lambert Graben, which has been overdeepened to the extent that ice is unable to ground and advance onto the outer shelf without a significant increase in ice thickness, inhibiting significant further erosion (Taylor et al., 2004) . By contrast, offshore sediment stratigraphic records indicate that West Antarctica witnessed an increase in erosion rates after the mid-Miocene (Lindeque et al., 2016) (Fig. 7) . This may be indicative of the presence of more erosive, fluctuating ice sheets in West Antarctica after ca. 14 Ma.
The contrasting landscape and ice sheet histories of East and West Antarctica also have implications for marine ice sheet instability, whereby ice sheets grounded on inland-dipping bed below sea level can be subject to rapid and self-sustained retreat, a process thought to be particularly pertinent to the modern West Antarctic Ice Sheet (Joughin and Alley, 2011; Mercer, 1978; Vaughan et al., 2011) . However, the implication of the landscape evolution scenario in this study is that prior to ca. 14 Ma, marine ice sheet ice sheet instability was most pertinent to the East Antarctic margin. After ca. 14 Ma, as West Antarctica had subsided below sea level and the bed was increasingly overdeepened, marine ice sheet instability would have become increasingly important in West Antarctica.
These new topographies also have important implications for modelling long-term changes in palaeoclimate, ice sheets, and sea level. Use of relevant palaeotopographies will be important when attempting quantify variations in Antarctica's ice volume and sea level contributions during past climate transitions at ca. 34, 23, 14, and 3.5 Ma, and thereby deconvolve ice volume and ocean temperature contributions from geochemical proxies such as benthic oxygen isotope records.
Conclusions
In this study, we have reconstructed Antarctic palaeotopography at four time intervals since the Eocene-Oligocene boundary (ca. 34 Ma). We conclude the following:
1. Our ca. 34 Ma topography contains a land area above sea level of 12.2 × 10 6 km 2 , which is~25% greater than at the present-day. The most significant changes in elevation in East Antarctica have occurred within the deep subglacial troughs close to the modern ice margin, some of which have been eroded by > 2 km. The low-lying Wilkes, Aurora and Recovery subglacial basins, which are thought to be particularly vulnerable to ice sheet retreat, were situated at 0-500 m above sea level at ca. 34 Ma. Much of the WARS was situated up to 500 m above sea level, and has subsequently decreased in elevation due to thermal subsidence and glacial erosion. 2. Constraints from offshore sediment records, geomorphology, and geological datasets indicate that long-term catchment-averaged erosion rates are on the order 10-20 m/Myr. Erosion rates in East Antarctica decreased by~50% after the mid-Miocene (ca. 14 Ma), whereas in West Antarctica, erosion rates approximately doubled after ca. 14 Ma. This implies that glaciers around the East Antarctic margin would have become vulnerable to marine ice sheet instability sooner than in West Antarctica. 3. Our new palaeotopographies provide an important boundary condition for models seeking to understand past behaviour of the Antarctic Ice Sheet, and the implications for changes in global ice volume, temperature, and sea level across major climate transitions of the Cenozoic.
